Audibility thresholds for a 1000-Hz sinusoid were measured with a standard clinical (CLIN) procedure and a two-interval, forced-choice (21FC) adaptive procedure bracketing 79% correct. Both used 2-and 5-dB step sizes in quiet and in a continuous, broadband noise background. Clinical thresholds were from 2 to 4 dB higher than 21FC thresholds, depending on the condition.
Different psychophysical procedures are used to measure auditory-detection thresholds in clinical and research settings. Audiologists developed psychophysical procedures for clinical testing that are quickly conducted (in that only a few signal presentations are required) but that are generally thought to have relatively large test-retest variability. The clinical procedures, which are based on an ascending technique first described by Hughson and Westlake (1944) and Carhart and Jerger (1959) , are widely used in clinical settings in which speed of testing is critical and small differences between thresholds are n critical. In contrast, experimental psychologists developed psychophysical procedures for research testing such as adaptive two-interval forced-choice procedures (Levitt, 1971 ) that have small testretest variability but are time consuming to perform in that many trials are required. These research procedures have been widely used in laboratory settings in which subjects are available for daily testing over an extended period of time. (Throughout this article, CLIN refers to the clinical technique and 21FC to the research technique.)
The CLIN and 21FC psychophysical procedures differ in several features. The CLIN methods used most often are based on the classical method of limits, with modifications to shorten the test time and to simplify the test procedure. The CLIN psychophysical procedures use an undefined observation interval and a free response, that is, the listener is not informed when the signal presentation (trial) occurs, but is instructed to listen carefully at all times and to respond every time a signal is heard. The response criterion may affect the thresholds that are measured with this procedure. For example, with a strict response criterion, the listener may wait until the signal is clearly audible before making a response. The usual clinical threshold search strategy is to decrease the signal level 10 dB following a positive response to a signal presentation and to increase the signal level 5 dB following the absence of a response (e.g., Carhart & Jerger, 1959) . The stopping rule (termination) for the CLIN measurement sequence coincides with satisfying the threshold criterion. Typically, the CLIN threshold is defined as the lowest level at which three responses occur (simplification of ASHA, 19781) or as the lowest level at which two responses to three signal presentations occur (simplification of ANSI, 19781) . The number of signal presentations or trials for the CLIN test procedures, which seldom exceed 10-20, depends on the starting level, familiarization procedure, and whether two or three responses at the same level are required for threshold. For example, Tyler and Wood (1980) reported that 14 trials were required for a clinical psychophysical procedure with a stopping rule of three correct responses at a single level, whereas 10 trials were required for a two-response stopping rule.
The 21FC procedures, which are the most common procedures in psychoacoustic research, involve trials that consist of two observation intervals, one of which contains the signal presentation. Because the observation intervals typically are defined by lights on a response box, the listener knows when to listen for the signal. The listener knows that on each trial a signal will be presented either in Observation Interval 1 or in Observation Interval 2. The 21FC procedure avoids the influence of response criterion by requiring the listener to indicate the observation interval in each trial in which the signal occurred. The 21FC procedures employ a uniform, small step size (usually 2 dB) for both ascending and descending trials and an adaptive strategy that places most of the signal presentations close to a specified point on the psychometric function. The target point on the psychometric function is determined by the rules governing the track (Levitt, 1971) . If the target point is 70.7% correct, then the two-down, one-up rule is used in which the signal level is decreased after two consecutive correct responses at a level (two-down), and increased after one incorrect response (one-up). The mean of the levels at the reversal points (i.e., peaks and valleys) of the track provides an estimate of threshold at the 70.7% point on the psychometric function. If a three-down, one-up procedure is used, then the estimate of threshold is at the 79.4% point on the psychometric function. The length of the 21FC procedure is set by the experimenter usually as a specified number of trials or number of reversals. Typically, between 50 and 80 trials are used to obtain a threshold estimate.
Pure tone quiet thresholds estimated with a 21FC adaptive (two-down, one-up) procedure bracketing 70.7% have been reported to be 6.5 dB lower than thresholds with a CLIN procedure (Marshall & Jesteadt, 1986 ). Marshall and Jesteadt attributed the difference in thresholds to the use of defined observation intervals (the largest effect), a smaller step size, and control for response criterion in the 21FC adaptive procedure. Reliability was not measured in their study.
The reliability of CLIN procedures in quiet, usually with manual audiometry, has been reported in several studies (Burns & Hinchcliffe, 1957; Jervall, Dryselius, & Arlinger, 1983; Kraak, 1981; Marshall & Hanna, 1989; Stelmachowicz, Beauchaine, Kalberer, Langer, & Jesteadt, 1988; Tyler & Wood, 1980; Witting & Hughson, 1940) . At 1000 Hz, the standard error of measurement (which is an estimate of the intrasubject standard deviation that would be obtained with repeated measurements across blocks of trials) is 2.8 dB (unweighted average for the above studies). This 2.8 dB standard error is larger than the 1.2 dB intrasubject standard deviation reported by Shelton, Picardi, and Green (1982) for 1000-Hz pure tone detection in noise with a 21FC adaptive (two-down, one-up) procedure. A direct comparison with the test-retest reliability of CLIN procedures is not possible, however, because the reliability estimates for the CLIN procedures were in quiet, and the 21FC procedure estimates were in noise.
If the CLIN and 21FC procedures have different test-retest reliability, then at least three variables may contribute. First, the step size of the changes in signal level may be involved. Although a smaller step size for CLIN procedures has long been suggested to improve test-retest reliability and thus identify smaller amounts of permanent threshold shift in hearing conservation programs (e.g., Harris, 1978; Macrae, 1988) , the reliability and efficiency of this modification have not been adequately addressed. Although Jervall and Arlinger (1986) showed no difference in reliability between 2-and 5-dB step sizes obtained in quiet with the CLIN procedure, computer simulations of CLIN procedures (Marshall & Hanna, 1989) and of 21FC procedures (Leek, Hanna, & Marshall, 1992) suggest that decreasing the step size should improve reliability. To the extent that computer simulations of psychophysical threshold measurements represent the behavior of actual listeners, simulations provide a powerful technique to efficiently evaluate the effects of systematically changing subject and psychophysical-test factors, both independently and in combination. The present study provides data to evaluate the accuracy of the computer simulations. Second, test length may contribute. The 21FC procedure is longer (more trials) than the CLIN procedure, and variability is expected to decrease with the number of trials. Test efficiency (i.e., the relationship between variability and test length [Taylor, 1971; Taylor & Creelman, 1967] ) provides answers to such questions as whether reliability can more efficiently be increased (1) by adding more trials to the threshold track, or (2) by using fewer trials and simply repeating the threshold measurement? Third, response criterion may be a factor affecting variability. If a listener changes response criterion on the CLIN procedure from one threshold measurement to the next, then the test-retest variability could be adversely affected.
Although the CLIN procedure appears to have poorer reliability than the adaptive 21FC procedure, the two procedures have not been compared using completely objective (i.e., computerized) test administration, the same listening conditions (quiet versus noise background), and the same subjects. In the present study, the effect of a 2-and a 5-dB step size on the threshold, test-retest reliability, and test efficiency of CLIN and 21FC procedures was investigated. The effect of trial length on the 21FC procedure was examined by shortening the effective trial length via post hoc analyses. In order to include conditions that were used in previous studies of test-retest reliability, the CLIN and 21FC procedures were evaluated in quiet and in background noise.
Method

Subjects
Nine adults with thresholds at 1000 Hz no greater than 5 dB HL (ANSI, 1989) were subjects. The average age was 32 years, with a range from 19 to 52 years.
Apparatus
The 1000-Hz signal was produced by an oscillator (KrohnHite, Model 4180), was split into three channels in which the levels were set individually by programmable attenuators (Wilsonics, Model PATT), and gated by electronic switches (Wilsonics, Model BSIT). A masking noise was produced by a white noise generator (Koep Precision Standards Inc., Model CNM1000A-15), adjusted in level by manual attenuators (Daven, T-349G and T-7366), filtered by a Wavetek brickwall filter (Model 752A), split into three channels, and mixed with the signals. Each channel was then individually adjusted with a manual attenuator (Daven, , amplified (Crown D-75), and presented monaurally through TDH-50 earphones encased in model 51 supraaural cushions. Each of the three listeners in a crew was seated in an individual double-walled, sound-attenuated room (IAC). A microprocessor (DEC, PDP 11/23+) was used to control the programmable attenuators and the electronic switches, time the intervals, operate the response boxes, and record the listener responses.
Stimuli
The signal for all conditions was a 500-ms, 1000-Hz pure tone with 10-ms cosine-squared ramps. At the beginning of each block of trials the signal was set at 60 dB SPL (re 20 ViPa). The noise background was continuous, 4000-Hz lowpass noise (115-dB/octave rejection rate) with a pressurespectrum level of 20 dB (overall level of 56 dB SPL).
Procedure
The CLIN procedure was similar to that specified by ANSI (1978) . The track began with a familiarization phase, in which the level of the signal was decreased in 10-dB steps (for the 5-dB step size condition) or 6-dB steps (for the 2-dB step size condition). After the first incorrect response, the test phase began. For the 5-dB step size, the level was increased 5 dB following an incorrect response, and decreased 10 dB following a correct response. For the 2-dB step size, the level was increased 2 dB following an incorrect response, and decreased 4 dB following a correct response. The interstimulus interval varied randomly between 1500 and 2000 ms. Responses were accepted in an interval from 100 ms after the onset of the 500-ms signal to 800 ms following tone offset. Threshold was defined with two rules. First, only responses on ascending series were counted (i.e., only responses to stimuli that were immediately preceded by a signal at a lower level were used for threshold calculations). Second, if responses were obtained at the same level on two of the last three ascending segments, then that level was called threshold. The track was terminated when the threshold criteria were achieved.
The 21FC adaptive procedure began with a 10-dB step size for the 5-dB step size condition and a 6-dB step size for the 2-dB step-size condition. Following the first two reversals, the step size was reduced as appropriate to 5 or 2 dB. The stimulus level was decreased after three consecutive correct responses and increased after one incorrect response. The observation intervals and interstimulus intervals were 500 ms. Each track had 80 trials. Threshold was the average of all the peaks and valleys following the first two reversals, with the requirement that an even number of reversals be used. If an odd number of reversals occurred, then the last one was omitted. During data collection, the starting level was set at 60 dB SPL for all threshold estimates. In order to make the starting sensation levels equivalent for quiet and noise conditions, the track lengths were adjusted post hoc to 65 trials for analyses.
2 All results in this paper are for 65-trial tracks, unless otherwise noted.
Data collection took place over 6 days with data from the first day considered practice. Each of the four quiet conditions (two procedures x two step sizes) was presented randomly in a block. The four noise conditions were presented in a separate block using the same sequence as for the quiet conditions. Each day, two blocks of quiet conditions were presented first, followed by two blocks of noise conditions. After each block of tests, the earphones were removed. Thus, 10 threshold estimates for each of the listening conditions were obtained from each subject. Throughout the remainder of this article, the terms CLIN2dB-Q and CLIN-5dB-Q are used to refer to the clinical quiet thresholds using the 2-and 5-dB step sizes, respectively; and CLIN-2dB-N and CLIN-5dB-N are used to refer to the clinical conditions in the noise background. Similar abbrevi-2 Starting the threshold estimates for quiet and noise conditions at the same SPL rather than at equivalent sensation levels was an error that resulted in around a 30 dB difference in beginning sensation levels for the quiet and noise conditions. In order to effectively begin the tracks at equivalent SLs, trials were subtracted from the beginning of the tracks in quiet. For the CLIN procedure, 5 and 3 trials were subtracted from the beginning of the CLIN-Q2dB and CLIN-Q-5dB tracks, respectively. For the 21FC procedure, subtracting trials from the beginning of the track meant that 80-trial tracks were no longer possible. Therefore, the track lengths were adjusted to 65 trials so they would all be of equivalent length. For the 21FC-N tracks, we subtracted 15 trials from the end of the track. For the 21FC-Q tracks, we subtracted enough trials from the beginning of the track to make its starting level equivalent to the noise tracks, and the remaining trials were subtracted from the end. Specifically, for the 21FC-Q-2dB tracks, we subtracted 15 trials from the beginning of the track. For the 21FC-Q-5dB track, 9 trials were subtracted from the beginning of the track and the remaining 6 from the end of the track.
ations are used for the 21FC variants; viz., 21FC-2dB-Q, 21FC-5dB-Q, 21FC-2dB-N, and 21FC-5dB-N.
Results
All the data from the nine subjects were used with the exception of one aberrant threshold from one subject. This one aberrant CLIN threshold in noise (5-dB step size) was 17 dB lower than her average CLIN threshold for this condition and even 11 dB lower than any of the 21FC thresholds in noise. We concluded that this particular threshold must have been due to false-positive responses and eliminated it from the analyses. 3 thresholds using a 5-dB step size, shows that 21FC thresholds were 2.9 dB lower. Marshall and Jesteadt found a 6.5 dB difference, but their 21FC procedure bracketed 71% correct. 4 Thresholds obtained with the 21FC procedure were 2 dB (2-dB step size) and 4 dB (5-dB step size) lower than comparable thresholds obtained with the CLIN procedure.
In order to examine outliers, we counted how many thresholds exceeded plus or minus two standard deviations of the test procedure that gave the largest intrasubject standard deviation (3.1 dB for the CLIN-5dB-Q). Roughly 5% of the thresholds were outliers for all of the procedures. They were evenly distributed between higher and lower thresholds for all procedures except CLIN-2dB-Q and CLIN2dB-N, which produced a greater number of lower thresholds.
Threshold
Threshold estimates were averaged across the 10 replications for each subject and then were averaged across the nine subjects. Results are given in Table 1 . The standard deviations (shown in parentheses) are for the average threshold across subjects (i.e., intersubject variability).
Thresholds using the CLIN procedure were 1.4 dB lower with the 2-dB step size than with the 5-dB step size (combined results for quiet and noise conditions). The CLIN data are in good agreement with Marshall and Jesteadt (1986) , who found 2-dB step size thresholds to be 1.2 dB lower than 5-dB thresholds, and with Jervall and Arlinger (1986) , who found a 1.5 dB difference for their normalhearing subjects. Both used manual threshold procedures in a quiet background. In the 21FC procedure, thresholds with the 2-dB step size were slightly higher (0.8 dB) than with the larger step size. A comparison of commonly used procedures, 21FC thresholds using a 2-dB step size and CLIN 3Because this aberrant threshold occurred in only 1 out of 360 (i.e., 0.03%) of the threshold measurements, it does not seem that false-positive responses were a problem in this study. None of the results (e.g., number of outliers in threshold measurements for the CLIN procedure and the good agreement of CUN results with previous computer simulations) indicate that false-positive responses were an issue. However, all audiologists sometimes encounter individuals who give such a high number of false-positive responses that they are difficult to test. Therefore, for any automated version of the CLIN procedure for clinical purposes, it may be a good idea to record the number of responses outside the stimulus-response temporal window, and, when an unacceptable number occur, reinstruct the subject and repeat the threshold measurement. An additional way to identify individuals who are responding inconsistently, whether because of false positives, lack of attention or motivation, or some other factor, is by an inordinately large number of trials to obtain threshold for some implementations of the CLIN procedure (see Marshall & Hanna, 1989 
Reliability of Threshold Estimates
Standard deviations of thresholds across the 10 replications were obtained for each subject and then were averaged across the nine subjects. These standard deviations are termed the average intrasubject standard deviations. They are shown in Table 2 .
The intrasubject standard deviations for the CLIN procedure were roughly 42% higher than for the 21FC procedure. The intrasubject standard deviations in quiet were roughly 26% higher than those in noise.
For CLIN procedures using a 5-dB step size in quiet at 1000 Hz, the intrasubject standard deviation across 10 4 The 3.6 dB discrepancy between the two studies is easily accounted for by two factors. Marshall and Jesteadt's adaptive procedure measured the 71 %-correct point, whereas the 79%-correct point was estimated in the present study. Using data from psychometric functions obtained by Marshall and Jesteadt with an interleaved, fixed-level 21FC procedure as well as from the present study, the difference between the 71% and 79% points is from 1.5 to 1.8 dB. In addition, 21FC adaptive threshold procedures give biased threshold estimates. According to computer simulations by Leek et al. (1992) , the 21FC-71 % procedure (100 trials) underestimates threshold by 1.7 dB, and the 21FC-79% procedure (65 trials) overestimates threshold by 0.6 dB, thereby accounting for an additional 2.3 dB. Thus, the 3.6 dB discrepancy is due to the difference in signal level for threshold caused by bracketing a different point on the psychometric function, along with the bias inherent in bracketing these different points. A general guideline is that a signal level yielding 50% detectability in the CLIN procedure is about 11/2 to 2 dB higher than the signal level yielding d-prime = 1.0 in the 21FC procedure (see Appendix). 1.6 1.2 1.6 1.5* replications was 3.1 dB. This is close to the 2.8 dB value averaged across previous studies (as cited in the introduction). The intrasubject standard deviation for the adaptive 21FC procedure agrees well with that found by Shelton et al. (1982) , who found an intrasubject standard deviation of 1.2 dB for 80-trial blocks estimating 71% in noise with a 2-dB step size. The 1.6 dB intrasubject standard deviation for 21FC-N reported in Table 2 is for 65-trial blocks. The intrasubject standard deviation for our 80-trial blocks, however, was 1.3 dB. These results are consistent with computer simulations by Leek, Hanna, and Marshall (1988) showing essentially no differences in reliability between 71% and 79% 21FC procedures.
A three-way (step size x background x procedure) repeated-measures analysis of variance on the intrasubject standard deviations from this study showed significant effects of procedure [F(1,8 
Test Efficiency
The mean number of trials for the CLIN procedure (with the quiet thresholds corrected for starting level) is listed in Table 3 . The 2-dB step size required an average of 3 to 5 more trials per threshold estimate than the 5-dB step size. The number of trials required for quiet and noise backgrounds was similar.
The 2-dB step size sometimes resulted in an inordinate number of trials with the CLIN procedure. We counted the number of threshold estimates that had -30 trials (greater than two standard deviations above the longest average track of 17.8 trials from CLIN-2dB-Q). Most of the outliers were for the 2-dB step size. For the 2-dB step size, 5% of the clinical thresholds in quiet and 3% of those in noise had -30 trials (with the worst case being 46 trials). For the 5-dB step size, there were no outliers for the clinical thresholds in quiet, whereas 2% of the thresholds in noise required -30 trials.
To determine the effect of track length on variability for the 21FC procedure, we "trimmed" the 21FC tracks to 35 trials, 50 trials, and 65 trials (by subtracting trials from the end of the track) and recalculated the thresholds and intrasubject standard deviations for the shortened tracks. For the 35-trial tracks with a 2-dB step size, there frequently were not enough reversals to obtain a threshold. (A minimum of four reversals were required for a threshold estimate-two for 
Condition
Step size Q:CLIN 17.8 12.9 N:CLIN 16.9 13.8 familiarization and two to average for the threshold.) For 21FC-2dB-Q and 21FC-2dB-N, there were an average of seven and eight tracks, respectively, that resulted in threshold estimates. A correction for bias was therefore applied to all the standard deviations [multiplied by the square root of (N/ (N-1) ), where N is the number of valid threshold estimates]. These unbiased intrasubject standard deviations are given in Table 4 . As expected, the standard deviation decreases with increasing track length. The decrease in the noise condition roughly corresponds to a decrease in the square root of the number of trials, which is expected. The decrease in quiet is less than expected from increasing trial length. This relationship is shown better by sweat factors, a measure of efficiency. We compared the efficiencies of the CLIN procedures and the 21FC procedures for 35-, 50-, 65-, and 80-trials blocks by calculating sweat factors (product of the number of trials and the variance, as described in Taylor, 1971, and Taylor & Creelman, 1967) . We used the unbiased estimates of the variance for these calculations. Sweat factors (averaged across 2-and 5-dB step sizes) are shown in Table 5 . The smaller the number, the greater the efficiency. If the expected trade-off occurred between the number of trials and the variance, then the sweat factor would be constant. For the 21FC procedure in noise, the sweat factors do remain fairly constant across increasing track length (decreasing by 3% from 35 to 50 trials, by 1% from 50 to 65 trials, and by 7% from 65 to 80 trials).
5 For the 21FC procedure in quiet, however, the sweat factors increase with increasing track length (increasing by 10% from 35 to 50 trials and by 15% from 50 to 65 trials). For the 21FC procedure in quiet, the shorter tracks are more efficient-increasing the number of trials did not decrease the variance very much. Schlauch and Rose (1990) recommended that comparisons of efficiency across procedures include not only sweat factors but also reliability for equivalent test times. CLIN and 21FC procedures with typical stimulus durations and ISls have approximately an equal duration for each trial; that is, roughly 4 (Tyler & Wood, 1980; Schlauch & Rose, 1990) . Therefore, the relative efficiency of the two procedures would be unaltered when expressed in terms of time, rather than number of trials. 
Discussion
Comparison With Computer Simulations
Thresholds. The results obtained in this study are in good agreement with predictions from computer simulations of CLIN (Marshall & Hanna, 1986 and 21FC (Leek et al., 1992) procedures. 6 The CLIN simulations predict that thresholds with the 2-dB step size will be 1.6 dB lower than with the 5-dB step size, which is close to the obtained 1.4 dB. The 21FC simulations predict that the thresholds with the 2-dB step size will be 0.4 dB higher than with the 5-dB step size, also similar to the obtained 0.8 dB.
Reliability. The intrasubject standard deviations predicted from computer simulations (Leek et al., 1992; Marshall & Hanna, 1986 , which represent the variability inherent in the procedure, are shown in Table 2 . The obtained standard deviations were similar to the predicted ones only for the 21FC procedure in noise. For the other comparisons, the standard deviations were larger than predicted, especially for the CLIN procedure, and more so for the quiet than for the noise background. For the thresholds in quiet, the obtained standard deviations were roughly from 1.5 to 2 times larger than the predicted ones. The variability inherent in the test procedure does not seem to be the sole limiting factor in reliability.
The computer simulations also predicted that changing the step size from 2 dB to 5 dB would result in approximately a 16% increase for the 21FC standard deviations and a 43% increase for the CLIN standard deviations. However, the standard deviations did not change for the 21FC procedure, and the CLIN standard deviations increased by only 10%. 6 Both sets of computer simulations examined various parameters of either CLIN or 21FC procedures as a function of the slope of the presumed underlying psychometric function (rate at which the simulated subject obtained a higher percent-correct detection with increases in signal level). Varying the slope with a fixed step size is analogous to varying the step size with a fixed slope. Marshall and Hanna reported computer simulations for the CLIN procedure with a 5-dB step size. We compared the reliability with actual listeners in this study to the computer simulations for a 0.5 slope (Z/dB fit), which was the average slope for CLIN-5dB-Q from the Marshall and Jesteadt data. The reliability for the 2-dB step size, then, was compared to the simulations for a 0.2 slope multiplied by a factor of 2/5. Leek et al. (1992) reported computer simulations for the 21FC procedure bracketing 79% with a 2-dB step size. We compared our data with actual listeners in this study to the computer simulations for a slope of 1.0 (10 log d'/dB), which was the unbiased slope in our study. To estimate the effects of increasing the step size, we used a slope of 2.0 (they did not report simulations for a slope of 2.5, which would be needed to convert from a step size of 2 to 5 dB) and multiplied the numbers by a factor of two. Although this estimation is a doubling of step size (from 2 to 4 dB), we thought that the difference between results for a 4-and 5-dB step size should not be too great.
When Does Variability Occur?
It is of interest to know when the variability occurs. The possibilities are between each threshold estimate, between blocks of tests (recall that the tests were administered in sets of four before subjects removed earphones and rested-all four quiet conditions were measured twice daily as were the four noise conditions), and between days.
Within-day variability was compared to across-day variability in the following manner. Within-day variability was estimated from the SEMEAs (calculated between pairs of replications on the same day, combined across the 5 days). This number was compared to the intrasubject standard deviation of the 10 thresholds obtained over the 5 days, which includes both across-day and within-day variability. For all comparisons (two procedures x two step sizes x two backgrounds), the within-day measure of variability (SEMAs) was seldom smaller, and then only slightly, than the acrossday measure of variability (the intrasubject standard deviation, across all thresholds). The variability, therefore, was already present within days.
To determine whether the thresholds within each block of tests (two procedures x two step sizes x one background) were related, individual pairwise correlations were calculated across the 10 replications for all combinations of procedures. For example, for Subject 1, we calculated the correlation between thresholds 1-10 for CLIN-2 dB and thresholds 1-10 for CLIN-5 dB, and so forth. These pairwise correlations were calculated for both quiet and noise backgrounds for each subject. The correlations also were averaged across all subjects. None of the 54 correlations for the individual subjects was significant (.05 probability level) in the noise condition. For the quiet condition, 11 of the correlations were significant, p < .05 (3 were expected by chance). Thus, the significant correlations occurred only in the quiet condition (in which apparently there is greater intrasubject threshold variability). The highest correlation (.55 average across subjects) was between 21FC-2dB-Q and 21FC-5dB-Q, and it was significantly correlated for four of the nine subjects (range of .16 to .83 across all subjects). The correlation for each of the subjects was positive, which is significant (p = .004 on a sign test). The .55 correlation indicates, however, that only 30% of the variance is accounted for by some sort of systematic variability across sets. Most of the variability, therefore, occurs between each threshold estimate.
Sources of Variability
Four major sources of variability may contribute to the test-retest variability observed with human listeners. Procedural variability is the variability due to the inherent limitations of the procedure. It is best determined by computer simulations, which model the listener as a fixed psychometric function, whereby each stimulus level gives a fixed percentage of detection. These simulations are idealized in that they do not incorporate sources of variation other than the probabilistic nature of the procedure. Earphone variability is due to earphone replacement. Threshold variability is due to sensory thresholds changing between threshold estimates. Criterion variability is due to changing the response bias in a free-response procedure. The estimated relative contributions of each of these sources of variance are shown in Table 6 .
First, procedural variability is taken from previous computer simulations. The procedural standard deviations are 1.6 dB for the CLIN (Marshall & Hanna, 1989 ) and 1.3 dB for the 21FC procedures (Leek et al., 1992) . Second, earphone variability is estimated to be a 0.6 dB standard deviations (estimated from Shaw, 1966) . Earphone variability affects only the quiet thresholds because in noise backgrounds the signal-to-noise ratio (SNR) is unaffected by earphone variability. Third, the standard deviations due to threshold variability were calculated as the remaining source of variance for the 21FC procedure and were assumed to be the same for both CLIN and 21FC procedures. They were 1.6 dB in quiet and 0.8 dB in noise. Fourth, criterion variability is controlled in the 21FC procedure but not in the CLIN procedure. It is assumed to be 0 dB in the 21FC procedure and is 1.7 dB for the CLIN procedure (calculated as the remaining source of variance for the CLIN procedure). As can be seen in Table 6 , the main reason for the difference in reliability between CLIN and 21FC procedures is criterion variability in the CLIN procedure.
Difference Between Reliability in Quiet and Noise Backgrounds
As stated in the Results section, intrasubject standard deviations in a quiet background are larger than those in a noise background. As shown in Table 6 and described above, the main contributor to the increased variability in quiet appears to be threshold variability. This conclusion is confirmed by examining the effect of track length as well as the psychometric functions constructed from the test tracks, which are discussed below.
Effect of track length. For the 21FC procedure, increasing the number of trials in the track in quiet did not give the expected decrease in the intrasubject standard deviation. An analogous result was obtained by Tyler and Wood (1980) , who found no difference in reliability between CLIN procedures requiring two versus three responses at the same level to estimate threshold. The sweat factors for the 21FC procedure provide another way to describe the same effect; that is, increasing the track length for the 21FC thresholds in quiet was inefficient.
Slopes of the underlying psychometric functions. Psychometric functions can be fit to these data in two fundamentally different ways. One is to fit a psychometric function to the data in each track. As there are 10 tracks, then there are 10 psychometric functions, each with a slope estimate. A mean slope estimate can be obtained by averaging across the slope estimates for the 10 tracks. If the threshold changes between each threshold measurement (i.e., the psychometric function slope stays the same, but its location shifts along the x-axis, which is the intensity axis), then the overall slope estimate will be unaffected as long as the slopes of the individual psychometric functions are consistent. Another way to estimate the slope of the psychometric function is to combine all of the data in the 10 tracks and fit a single function to these data. If the thresholds change between the tracks (with psychometric functions located at different locations along the x-axis), then the estimated slope will be flatter as compared to the estimates for each individual track. Of course, if the thresholds are stable, then the two methods of estimating psychometric-function slopes will give identical results.
Psychometric functions were fit to the 21FC-track data using a maximum-likelihood fit to the function d = m(Es)k, which expresses performance as a function of signal level (Es), listener sensitivity (m), and steepness of the psychometric function (k) (Egan, Lindner, & McFadden, 1969) . The functions were fit with two methods. The first method was to obtain slope estimates for each of the 10 replications for each subject, take the geometric mean of the replications for each subject, and then average across subjects. The Leek et al. (1992) computer simulations show that slopes for 50-and 100-trial tracks are biased high (i.e., overestimated). We used their correction factors for slope estimation. The second method was to obtain a single fit for all of the data pooled across the 10 blocks of trials in a condition (e.g., 21FC-2dB-Q) for each subject. The slope estimates, k, then were averaged across subjects (see Table 7 ).
For the noise background, the slopes for the fits averaged across individual tracks ("individual-track fits") are equivalent to those obtained by a single fit to all of the data ("pooled-data fit"). For the quiet background, slopes for the "pooled-data fit" are shallower than those for the averaged "individual-track fits." In quiet, the psychometric functions appear to be shifting in location across tracks. That is, there is more variation of psychometric-function location in quiet than in noise. As shown in Table 6 , most of this difference is attributable to threshold variability.
Several other studies have obtained slopes in a quiet background. Our slopes in quiet are similar to those found by Arehart, Burns, and Schlauch (1990) and shallower than Hanna, von Gierke, and Green (1986) and Watson, Franks, and Hood (1972) . The procedure used by Arehart et al. had five fixed levels, with the levels intermingled on each set of trials, and our slopes came from data in the adaptive track. Both of these procedures allow subjects to hear clearly audible trials interspersed with trials close to a chance level. Hanna et al. and Watson et al. used fixedlevel procedures with the signal level essentially fixed at one level for an entire set of trials. A shallower psychometric function might be expected for procedures using interspersed levels because the higher level signals may provide cues (i.e., audible reminders of what to listen for) that improve detection of the lower level signals.
The slopes of the psychometric functions in our study were similar in quiet and noise. These results differ from Hanna, von Gierke, and Green (1986) , who found that psychometric-function slopes were steeper in quiet than in noise. The reason for their steeper slopes in quiet was discussed in the preceding paragraph. This phenomenon probably does not occur in noise because the statistical properties of the noise (i.e., its fluctuations) affect the detectability of the signal on each trial, so that even with a fixed level the signal occasionally will be clearly audible (Gilkey, Robinson, & Hanna, 1985) .
The clinical tracks do not produce sufficient data to obtain good estimates of the underlying psychometric-function slopes. The interested reader is referred to Marshall and Jesteadt (1986) and Marshall and Hanna (1989) for descriptions of CLIN psychometric functions.
Improving Procedures
Decreasing the step size from 5 to 2 dB does not improve the CLIN procedure. For the CLIN procedure, not only were the intrasubject standard deviations for the 2-and 5-dB steps essentially equivalent, but the CLIN procedure with a 2-dB step size required more trials than did the CLIN procedure with the 5-dB step size, and sometimes it took an inordinate number of trials to achieve a threshold estimate. Jervall and Arlinger (1986) found comparable results. Similarly, for the 21FC procedure reliability was unaffected by step size.
Earlier, four sources of variability-threshold, criterion, earphone, and procedural--were discussed. Threshold variability is a property of the sensory system, so likely will be unchanged by procedural manipulations. Earphone variability is small relative to the overall variability, and so is a minor effect, at least at mid-frequencies such as 1000 Hz. Reduction in the criterion variability for the CLIN procedure would involve a manipulation such as using two intervals with a forced response, in which case the CLIN procedure would be transformed to a completely different procedure. The final possibility for reducing the overall variability is to reduce the procedural variability.
In fact, Green (1990) demonstrated potential improvement in the 21FC procedure by tracking an ideal point on the psychometric function rather than the most frequently used 70.7% point. For the CLIN procedure, assuming a logistic function, the ideal point to bracket for threshold is 50%, which is indeed what the CLIN procedure does. 7 The CLIN procedure, however, ignores much of the data in the threshold track in determining threshold.
s This is particularly true for the 2-dB step size tracks, which have more trials than do the 5-dB step-size tracks. To determine if the reliability of the CLIN procedure could be improved by fitting a psychometric function to the threshold-estimation track, we fitted the CLIN-2dB data with a probit fit.9 The intrasubject standard deviation (Table 6 ) was reduced only slightly (from 2.9 to 2.8 dB in quiet and from 2.5 to 2.3 dB in noise), and estimated procedural variability was reduced by 15% (from 1.6 to 1.4 dB).
If the procedural variability were completely eliminated, which is theoretically impossible, then the test-retest standard deviations would reduce from 2.9 dB to 2.4 dB for CLIN-Q, from 2.5 dB to 1.9 dB for CLIN-N, from 2.2 dB to 1.7 dB for 21FC-Q, and from 1.6 dB to 0.8 dB for 21FC-N. The relative decrease is largest with the 21FC procedure in noise 7 Although the number that the CLIN procedure reports as a threshold is high on the psychometric function (Marshall & Jesteadt, 1986) , this is an artifact of how threshold is defined (i.e., the first level yielding two correct responses out of three presented). The procedure presents ascending trials to derive threshold and in essence brackets a level with incorrect and correct responses. Marshall and Hanna (1989) have shown that for sufficiently steep (and typical) psychometric functions, the procedure brackets the 50% point of the psychometric function, resulting in a reported threshold that is 2 the step size above the 50% point. This point can be intuitively grasped by imagining a hypothetical threshold obtained for an infinitely steep psychometric function, that is, a step function. 8Doubling the range of the psychometric function (from 21FC to CLIN) should also double (result in a steeper) slope for CLIN and thereby make CLIN four times as efficient as the 21FC procedure, which it is not. Our thinking was that part of the inefficiency of the CLIN procedure may be that it uses only one level (with two or three congruent responses) to determine threshold and ignores whether responses were or were not present at other levels. Of course, criterion variability also is a limiting factor.
9
Fitting psychometric functions to the CLIN tracks is congruent with the earlier statement that there are insufficient data in the CLIN tracks to get good slope estimates. Reliable threshold estimation from psychometric functions requires less data than does slope estimation.
because it is the one in which procedural variability provides a sizable contribution to total variability (Table 6 ). Because there is always some inherent procedural variability, even for an ideal procedure, the possible improvements would actually be much smaller. Therefore, the CLIN procedure probably cannot be improved much by any means because it is limited by other sources of variability. Any improvements in 21FC will be reflected in the thresholds in noise, but not for the thresholds in quiet.
For the CLIN procedure, the best way to decrease the error of the threshold estimate is to use more replications, as was suggested long ago by Witting and Hughson (1940) . Using two replications would decrease the measurement error from 3 dB to about 2 dB, four replications would decrease the error to 1.5 dB, and nine replications would decrease the error to 1.0 dB.
For the 21FC procedure, Shelton et al. (1982) concluded that the determining factor for the error in measuring thresholds is the total number of trials, regardless of the allocation of trials per track (as long as enough trials are used to obtain a stable estimate-they recommend 30 to 40 trials). That is, the reliability of six 50-trial tracks (300 trials total) should be the same as three 100-trial tracks. Their result applies only to thresholds in noise. For quiet thresholds, extra trials in a threshold estimate actually decrease the efficiency. That is, for the same number of trials, it is better to use several short tracks than fewer long tracks. A caveat is that unlike Shelton et al., whose adaptive 21FC task bracketed 71% correct, the 35-trial blocks in our study, which bracketed 79% correct, were insufficient to obtain a threshold estimate on 25% of the tracks. For three-down, one-up bracketing, 50-trial tracks may be the minimum. A maximum-likelihood procedure with a 21FC task to bracket the sweetpoint of the psychometric function (Green, 1990 ) is another possibility.
The robustness of the CLIN procedure was surprising to us. It has the reputation of being a "quick and dirty" procedure. Instead, it is reasonably well-behaved, and its excellent efficiency compares favorably with the 21FC procedure. The sweat factors for the CLIN procedure are about half as large as those for the 21FC procedure. That is, roughly half the number of signal presentations are required with the CLIN procedure to achieve reliability that is equal to the reliability of the 21FC procedure. For research purposes, if a large volume of data needs to be collected in a short amount of time, the CLIN procedure may be considered if criterion variability is expected to be small, as would be expected for simple tasks such as tone detection in quiet or in noise. For example, if an investigator typically averages thresholds from six 50-trial tracks for a threshold estimate for a particular experimental condition, using 12 CLIN tracks would yield an equivalent error in threshold measurement with a considerable saving of time. The major limitation of the CLIN procedure is that it is not a criterion-free measure. Criterion effects on threshold are small (around 1 dB) for simple tasks such as pure tone detection (e.g., Marshall & Jesteadt, 1986) , and criterion variability across subjects also is small (see Appendix). For more complex tasks, however, the criterion could be much larger and more variable across subjects. This limitation could be mitigated by measuring the false-alarm rate for the CLIN procedure to determine that comparable criteria are employed across conditions or subjects.
In conclusion, there is no advantage to using a 2-dB step size for the CLIN procedure. When using the 21FC procedure for tasks having considerable threshold variability across threshold estimates (such as quiet thresholds), 50 trials for each threshold estimate are more efficient than more trials. The highly efficient CLIN procedures may be useful for data collection unless criterion effects are expected to play a large role. This article, along with updated information and services, is
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